Abstract. The influence of environmental variability on body form and tissue structure of Cinachyrella australiensis is reported for populations from three sites within Darwin Harbour, Northern Territory, Australia, that varied considerably in hydrological conditions. External morphology of these sponges differed among sites ranging from typical spherical shapes to flattened forms. A large proportion of dry weight consisted of inorganic matter, i.e. silica spicules, varying between 62.9% and 78.2%. Sites with highest water velocity and sediment size were significantly correlated with sponge populations having the greatest inorganic content and lowest organic cellular content and the thickest oxea. Thicker oxea may in part account for the higher structural content of sponges at these sites. There was no significant difference in oxea length among sites. It is concluded that sponges subjected to highly perturbed environs with large water flow and sedimentation regimes may devote more energy to spicule reinforcement relative to organic content. These robust sponges have the potential to make an important structural contribution to their habitats.
Introduction
The body form of Porifera is often extremely plastic. In many species, form may vary through time and with location, particularly in populations in shallow marine and intertidal habitats (Palumbi 1986 ). This is a particular advantage if sponges recruit into sub-optimal habitats. The short mobile phase of many sponges often means that the time for habitat selection is limited (Maldonado and Young 1999) ; even after settlement the habitat may not be entirely suitable. Sponges may be better able to survive through physiological or morphological adaptations. Sponges that recruit in environments with high water velocity and large sediment size may devote additional energy to constructing a more robust inorganic frame at the expense of softer organic tissue. The form a sponge develops may determine the structural contribution the species can make to its environment. Erect forms have the potential to provide a 3-dimensional microhabitat in a relatively 2-dimensional environment. This is particularly the case in intertidal reef systems.
Variability in body form is reputedly influenced by physical and biotic factors such as substratum shape and stability, water movement, light penetration and spatial competition (Geister 1977; Wilkinson and Trott 1985; Wulff 1985; Palumbi 1986; Barthel 1988; Wilkinson and Cheshire 1989; Wilkinson and Evans 1989; Barthel et al. 1991; Bavestrello and Sará 1992; Gaino et al. 1992; Zea 1993; Pronzato et al. 1998) . Of these factors, water motion and substratum suitability are thought to be the primary determinants of sponge morphology and distribution (Vogel 1974 (Vogel , 1981 Gerrodette and Flechsig 1979; Wilkinson and Vacelet 1979; Palumbi 1984; Denny et al. 1985) .
Cinachyrella australiensis (Carter 1886), one of the most common intertidal sponge species in the tropical west Indo-Pacific, is relatively abundant in many intertidal lateritic reefs in Darwin Harbour. These reefs are home to a wide variety of corals and sponges, C. australiensis being one of the most common sponge species. It has a distinctly radial form with a pronounced radial orientation of megascleres, a small basal attachment and an almost solid spicule core at the centre. It is an important structural component of intertidal reef systems, providing a microhabitat for many epiphytic/epizootic organisms (McDonald, unpublished) . Despite this, little is known of its ecology. Reef flats on which it occurs are characterized by high turbidity, long periods of exposure, high rates of flushing and water exchange, and high nutrient intake (Byrne 1987) .
The constant water flow on these reef flats is required for feeding and respiration of marine sponges, and is of fundamental importance to their growth. However, excessive flow may suspend large volumes of sediment, which in turn may inhibit the normal functions of the sponge (Wilkinson and Vacelet 1979) . Some species, such as C. australiensis, have evolved gross morphological adaptations that promote survival in such 'unpredictable environments'.
Although several studies have examined the morphological diversity of sponge species in different water-flow regimes (e.g. Wilkinson and Evans 1989; Alvarez et al. 1990; Diaz et al. 1990) , none has focused on a single species under varied wave or water-flow conditions. This study examines populations of Cinachyrella australiensis across a range of habitats to assess the potential influence environmental factors may have on sponge morphological variability.
In addition, this study in part allows extrapolations to be made about the potential contribution C. australiensis may provide within its habitat.
Materials and methods

Study sites
Darwin Harbour is a relatively shallow tropical estuarine system with a diurnal macrotidal environment, with an 8 m maximum tidal range. It differs from other tropical systems in that the tidal range is significantly higher, and exposure of intertidal organisms occurs during the hottest part of the day (1300-1400 hours). Tidal currents are generally very strong throughout the harbour (ranging from 0.25 to 2 m s -1 ), whereas nearby bays can be relatively calm (Semeniuk 1985; Byrne 1987) . The harbour has a high concentration of rivers, streams and creeks that flow into it, each with accompanying discharge and strong tidal movement. These inputs promote excessive sediment mixing, high turbidity and high nutrient input from upstream mangroves; consequently, much of the harbour is heavily scoured, particularly the main channel (Michie 1987) .
Three study sites were used in this study. They differ in environmental and geomorphological characteristics. The Channel Island (CI) site is on a small reef between Channel Island and the mainland, between which is a short stretch (4 m) of mud leading into mangrove forests. Sediments at this site have a relatively large grain size (>0.9 mm) and there is a considerable amount of coral rubble in the sub-tidal zone. The area is subject to extreme water flow (2.2 m s -1 ), which has been observed to move portions of coral, up to 1 m in diameter, large distances (McDonald unpublished). The East Point (EP) site also experiences considerable water flow (1.4 m s -1
), but has finer sediments (≤0.53 mm). The EP reef is more extensive than the CI reef, extending for ~500 m off shore, and it is subjected to greater wave action than the other sites. The Fannie Bay (FB) site is in a relatively sheltered part of the harbour, and has very fine, silty sediments (<0.53 mm) covering much of the reef flat. This site experiences very little disturbance from water flow (0.5 m s -1 ) and has relatively uniform and calm conditions throughout the year.
The reefs studied are all fringing lateritic rock with large numbers of hard and soft coral. They provide a habitat for many species of sponge, and have been described as the most diverse and species-rich sponge region in Australia (Hooper, unpublished.) .
Environmental variables
Seven environmental variables were measured at each site on a monthly basis: conductivity, pH, turbidity, dissolved oxygen, water temperature, salinity and water flow. The first six variables were measured with a Horiba water checker U-10, and water flow with a Schiltknecht MiniAir 2 flow meter. To determine the relationship between the environmental variables and tissue variability a correlation analysis was conducted with Statview 4.5.
Ten sediment samples were collected haphazardly from each reef. Samples were dried for 48 h at 100°C to determine dry weight (DW) and then passed through a series of sieves to determine the relative proportions in each size class.
Morphological characteristics
Specific attributes of the sponges were recorded to test their correlation with particular environmental variables. Individuals of different size, and consequently different age classes, were collected at random points along the length of each reef. Random sampling was adopted to prevent collection of similar morphotypes and/or age groupings that might have biased the data.
Four morphological attributes were measured in situ from twenty individuals taken haphazardly from each site: height and diameter, oscule and porocalyx diameter. Height was measured from the highest point of the sponge perpendicular to the substratum, and diameter measured across the widest point of the sponge. Measurements were made prior to removal of specimens. Means were compared by a one factor ANOVA at a 0.05 significance level.
Tissue variability
Of the twenty sponges measured for morphological characteristics, ten of haphazard size and distribution were removed from each site at low tide, ensuring that all the anchoring tufts were collected. In the laboratory, wet weight (WW) was determined by allowing each sponge to drip dry for 1 h then recording its weight. Sponges were then dried to a constant weight in a drying oven for 24 h at 100°C to determine DW. Ash-free dry weight (AFDW) was determined after the material had been burnt in a furnace for 24 h at 500°C.
Proportions of sponge tissue devoted to organic matter (DW-AFDW) and inorganic matter (AFDW) were determined. Proportions of structural silica, oxea width and oxea length were plotted relative to CI, the site with the largest structural component and oxea size.
Spicule morphology
Spicules were extracted from additional sponge tissue by boiling small pieces of sponge, including ectosome and choanosome, in concentrated nitric acid. The solution was centrifuged through distilled water then absolute alcohol. This process was performed twice. Spicule extracts were sputter-coated with gold and examined in a JEOL JSM-T330 scanning electron microscope. Spicule dimensions (length, shaft width and head width) were measured with a digital measurement device attached to the microscope.
Results
Environmental variables
Only sediment particle size (Fig. 1) and water velocity differed among sites. Channel Island had the greatest proportion of large grains (73.9% of sample >0.9 mm) while East Point (90.9% ≤0.53 mm) and Fannie Bay (97.8% <0.53 mm) had greater proportions of much smaller grain sizes (Fig. 1 ). Channel Island also had the highest mean water velocity of all sites (2.2 m s -1 ), followed by East Point (1.4 m s -1 ), with Fannie Bay being relatively calm (0.5 m s -1 ).
Morphological attributes
Individual specimens of C. australiensis from Channel Island were significantly taller than those from Fannie Bay (P <0.05) (Figs 2 and 3a) . There was a trend towards an increase in sponge height at sites with greater water flow. Oscule size (mean ± s.e.) was significantly inversely correlated with water flow (P <0.001). Sponges in areas with greater water flow (CI and EP) had smaller oscule diameter (4.90 ± 0.05 mm and 5.31 ± 0.06 mm respectively) than those in areas with less flow (FB, 12 ± 0.18 mm) (P <0.001) (Fig. 3b) .
Tissue variability
The majority of sponge tissue (as a percentage of dry weight) was inorganic, i.e. structural silica. Structural content was significantly correlated with water flow (P <0.0001) (Fig. 4) . Individuals from Channel Island had the highest proportion of structural silica (78.2% ± 1.3 s.e.), East Point had less (73.6% ± 3.3 s.e.), and Fannie Bay had the lowest proportion (62.9% ± 2.7 s.e.) (Table 1 ; Fig. 4 ). Organic content of sponges showed the reciprocal pattern; Fannie Bay specimens had the highest proportion of organic tissue (Fig. 4 ). An increase in structural tissue was significantly correlated with an increase in sponge height (P <0.05) and a decrease in oscule size (P <0.05).
Spicule analysis
The most abundant spicule was the oxea, although individuals also contained many forms of megascleres: anatriaenes, plagiotrianes, protriaenes, promonaenes, monactinal megascleres (style), stronglyoxeas and the characteristic sigmaspire microsclere. Oxea in sponges from higher-energy sites were significantly thicker than those from lower-energy sites (P <0.0001) (Fig. 5) ; however, there was no significant difference in oxea length among sites. Oxea width closely followed changes in structural silica; CI had highest silica content and thickest oxea, EP followed and FB had thinnest oxea and lowest structural content (Fig. 5) .
Discussion
Structural analysis revealed that C. australiensis is a morphologically plastic species capable of adapting to a range of water velocities, with changes in gross morphology significantly correlated with water flow. The typical spherical shape of this species occurred at Channel Island (CI) and East Point (EP), sites with the highest velocity of water and largest sediment particle sizes, and a more flattened morphotype occurred in the calmer conditions of Fannie Bay (FB). Similar influences of water flow on form have been reported for other species of sponges (de Laubenfels 1936 (de Laubenfels , 1954 Nestler 1961; Wagner 1963; Reidl 1971; Reiswig 1973; Ulbrich 1974; Trammer 1983; Zea 1993; Hill 1999) . This relationship may be linked to the necessity for greater structural support through spicule reinforcement in sponges in areas of high water flow. Spicules act like re-inforcing fibres, and stress experienced by the sponge is transferred from pliable organic matter to the spicules (Koehl 1982) . As expected, sponge stiffness increases with the total proportion of sponge dry mass devoted to spicules (Palumbi 1986) , as a greater proportion of spicules provides a more rigid and robust form (spherical as opposed to ovular).
Consistent with previous research by Palumbi (1986) , this study reported wider spicules in the high-energy environments at CI and EP sites. The thicker oxea in CI and EP individuals may in part account for the relatively higher structural content of sponges at these sites. Changes in thickness of the oxea followed changes in structural content, indicating that differences in spicule size are largely responsible for changes in structural content. Thicker spicules are stronger and have a larger surface area, providing greater support and structural integrity within the sponge (Payne 1966; Koehl 1982) . A larger surface area in a high-energy environment increases the tissue area over which tensile loads are distributed (Palumbi 1986) , and as a consequence makes the sponge more robust. Heavily spiculated individuals, such as those at CI and EP sites, are very robust and as a consequence suffer little deformation despite high water velocity. This type of stress dissipation is biologically important; at these sites larger sediment particles suspended in fast-flowing water have the capacity to severely damage softer organisms. The relative 'stability' of C. australiensis in such habitats makes it a valuable and relatively constant three-dimensional microhabitat in such an unstable and unpredictable environment.
The smaller oscules in individuals from CI and EP allow for greater water pressure and therefore greater outflow velocity.
'Solid' sponges such as Cinachyrella may be better suited to areas with high than with low water flow because the very small diameter of their oscules brings a requirement for continuous water movement (Trammer 1983) . Smaller pipes have higher resistance to water flow and require higher energy expenditure for the same flow rate (Vogel 1981) . This variation in oscule size as an adaptive response to water flow has been reported for many species of sponges (Bidder 1923; Hartman 1958; Vogel 1974 Vogel , 1981 Wilkinson and Vacelet 1979; Palumbi 1986 ). However, this is the first report of this adaptive response in Cinachyrella and Spirophorida.
From the above, it appears that sponges in high-energy environments may have higher metabolic costs associated with pumping water into and out of siphons, possibly reducing the energy that can be put into organic tissue. Greater water movement is also associated with increased sediment suspension, a feature that has the capacity to smother or inhibit sponge metabolic activity (Gerrodette and Flechsig 1979; Wilkinson and Vacelet 1979) . During periods of high sedimentation, the form and height of C. australiensis inhibits burial of the sponge, limiting the extent of smothering, not only of the sponge, but of organisms that may inhabit the sponge. Structurally firm, robust sponges such as C. australiensis from CI and EP can be regarded as relatively resistant to current-induced damage.
In high-energy environments, the associated energetic cost of pumping may promote growth of C. australiensis with a lower organic content. In regions of extreme water movement, the requirement for high concentrations of structural silica may advantage robust sponges; this, as a consequence, provides that habitat with an organism that has the capacity to make a pronounced structural contribution.
